Herd, R., Timescales of magma ascent and degassing and the role of crustal assimilation at Merapi volcano (2006Merapi volcano ( -2010, Indonesia: constraints from uranium-series and radiogenic isotopic compositions, Geochimica et Cosmochimica Acta (2017), doi: https://doi.org/10.1016/j.gca. 2017.10.015 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. given by the 2010 samples of ~0-3 years. The uranium-series and radiogenic isotopic data do 55 not support greater crustal assimilation of carbonate material as the explanation for the more 56 explosive behaviour of Merapi in 2010 (as has been previously suggested) and instead 57 indicate that relatively rapid ascent of a more undegassed magma was the primary difference 58 responsible for the transition in explosive behaviour. This interpretation is in good agreement 59 with gas monitoring data, previous petrological studies (mineral, microlite and melt inclusion 60 work) and maximum calculated timescale estimates using Fe-Mg compositional gradients in 61 clinopyroxene, that also suggest more rapid movement of relatively undegassed magma in 62 2010 relative to 2006. 63 64
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erupted lavas. The short-lived 210 Pb nuclide is produced by decay of the gas 222 Rn (half-life = 114 3.8 days), which readily enters the volatile phase in magmas (Lambert et al., 1985; Gill et al., 115 1985) . Persistent loss or gain of 222 Rn via magmatic degassing or volatile accumulation will 116 therefore create disequilibrium between the nuclides situated before and after 222 Rn, that is 117 between the parent 226 Ra and the daughter 210 Pb. As a result, in an open, degassing system 118 where 222 Rn is efficiently lost in the gas phase, deficits of 210 Pb are expected, i.e. 119 ( 210 Pb/ 226 Ra) < 1. Thus, 210 Pb deficits can constrain the duration of degassing (e.g., Gauthier 120
and Condomines, 1999) . Alternatively, if gas is supplied from underlying fresh (and probably 121 more mafic) magma, it is possible to create a 210 Pb excess (e.g., Kayzar et anytime between 29 October and 4 November (see Table 1 footnote for further details on 239 assumed eruptive age). However for the ( 210 Po) activities (which would be most affected by 240 assumptions in extrusion age), whether the 29 October or 4 November is selected as the 241 extrusion age, the calculated initial ( 210 Po) activities lie within 2 error of each other. 242
Fresh samples MER061406-L and MER061406-D were ultrasonically washed in 243 purified water, dried, reduced in a jaw crusher, and ground to powder in a ceramic mill. All 244 other samples had any weathered edges removed prior to washing in deionized water, drying 245 and processing to powder in an agate mill Preece 2014 ). U, Th and Ra 246 concentrations and isotopic ratios were determined on bulk-rock powders and plagioclase 247 separates using the procedure employed by the Uranium-series Research Laboratory at 248
Macquarie University GeoAnalytical (MQGA) for volcanic rock samples. Approximately 0.5 249 g of bulk-rock powder or 2 g of plagioclase separate was spiked with 236 U-
229
Th and 228 Ra 250 tracers and digested in a mixture of concentrated acids (HF-HNO 3 -HCl). Separation of U and 251
Th followed standard anionic resin chromatography as described in Turner et al. (2011) . 252
Uranium and thorium concentrations, determined by isotope dilution, and U-Th isotopic 253 ratios were measured on a Nu Instrument Multi-Collector inductively coupled plasma mass 254 spectrometer (MC-ICP-MS) at Macquarie University following the approach given by Turner 255 et al. (2011) . In addition, the New Brunswick Laboratory (NBL) U010 synthetic standard was 256 used to carry out linear drift correction and normalisation of samples for U isotopes, using the 257 certified atomic ratios of 5.47 x 10 -5 , 1.01 x 10 -2 and 6.88 x 10 -5 for 234 Similarly, the UCSC Th 'A' was used as a monitor of the robustness of instrumental 264 corrections during the analytical session. The average corrected Th 'A' (using the Th 'U' 265 bracketing method detailed in Turner et al., 2011) 230 Th/
232
Th ratio was 5.83 x 10 -6 ± 0.04 x 266
10
-6 (2SD, n = 7), which is within error of the recommended ratio of 5.86 x 10 -6 given by 267 Sims et al. (2008) taken from Rubin (2001) . The Table Mountain Latite (TML) rock standard,  268 was digested and fully processed alongside the samples in each batch (n = 2) and the data are 269 presented in 210 Po by alpha counting were performed at the University of Iowa, using 288 methods described by Reagan et al. (2005; and Waters et al. (2013) . Approximately 2 289 grams of whole rock powder or 3 grams of separated plagioclase were used for each 210 Po 290 analysis. All whole rock powders with ages of less than two years and the plagioclase mineral 291 separate were leached for 5 minutes in cold 0.5 N HCl using an ultrasonic agitator and triply 292 washed in purified water. Older samples were ultrasonically washed in purified water. 293
Samples and some supernates were spiked with a 209 Po solution calibrated against the TML 294 standard and monitored with repeat analysis of RGM-2. The samples were subsequently 295 digested using an HF-HNO 3 method, dried, dissolved in 1N HCl, and the solution passed 296 through anion exchange resin to separate Po. Polonium was washed off the resin in warm 7.5 297 N HNO 3 . The separated Po was autoplated on Ag in 0.5 N HCl and counted using an EGG 298
Ortec alpha spectrometer. The 1995 sample and most 2006 samples were more than two 299 years old at the time of measurement, i.e. five times the half-life of 210 210 Pb 302 activity at the time of eruption, and associated uncertainties were obtained through a Markov 303 Chain Monte Carlo simulation using Matlab. Only best-fitting models that fitted the data 304 within analytical uncertainties were considered in the computation. 305
Samples for Sr and Nd isotopic analysis (from the same sample digestion as for U-Th 306 isotopes) were prepared and analysed at the MQGA at Macquarie University. Sr and REE 307 fractions were separated using a cationic column containing Biorad® AG50W-X8 (200-400 308 mesh) cationic exchange resin, after which Sm and Nd were separated using EIChrom® LN-309 spec resin following the column procedure given by Pin et al. (1997) 210 Po 338 activity at the time of eruption (Table 2) , i.e. where the growth curve intersects the y-axis at 339 zero days since eruption in Fig. 3 . The repeated sample measurements lie within analytical 340 error of a single growth curve apart from sample MER061406-D, which has a high initial 341 210 Po activity of 2.95 dpm/g ( Table 2 ), are shown plotted along the right-hand y-axis in Fig. 3 isotopes, with previous eruption periods (Fig. 4a) have traditionally been interpreted as a timescale for closed-system differentiation (Fig. 5) . 486 Therefore, as recharge and assimilation are both implicated for Merapi, changes in 487 
Timing of fluid addition and crystallisation (last fractionation of Ra-Th)
As noted above, the Merapi volcanic rocks all have excess 226 Ra, relative to its parent nuclide 505 230 Th (Fig. 2) , which in arc rocks is commonly attributed to fluid addition from the 506 subducting slab within the last ~8000 years (e.g., Turner Th) ratios that lie within the range displayed by the whole rock ratios (Table 1) , 524 suggesting that older recycled crystals do not dominate the plagioclase population (cf. van 525 der Zwan et al., 2013). However, plagioclase phenocrysts from Merapi are noteworthy for the 526 abundance of glass inclusions (e.g., Costa et al., 2013) . Thus, the similarity in U-Th nuclide 527 abundances between plagioclase separates and whole rocks likely reflects domination of the 528 U-Th budgets in plagioclase crystals by the inclusions, and we cannot rule out that some 529 plagioclase cores have ages that are long compared to the half life of 230 Th. In contrast, 530 plagioclase crystal separates from lavas erupted in both years have similar levels of 226 Ra 531 excesses over 230 Th (Fig. 2b) , which are slightly higher than the whole-rock observed 226 Ra 532 excesses. The 2010 dense dome plagioclase sample (M11-01P; 210 Po upon 545 eruption (Fig. 3) , showing no systematic temporal evolution. The light grey dense inclusion 546 (LGD-Inc) clasts from Stage 2 (M11-28b) and Stage 4 (M11-05) were the least degassed of 547 210 Po on eruption (Table 2) . Preece et al. (2016) have suggested that these inclusions 548 represent parts of a plug in the shallow conduit and the initial intrusion into the shallow 549 magma plumbing system prior to eruption. Therefore, the magma forming the inclusions may 550 have stalled at a shallow level and cooled below the blocking temperature for degassing Po 551 for a period that was long enough to allow Po to ingrow via radioactive decay from its 552 nuclide parent prior to eruption. If we assume that these samples would have been fully 553 degassed of Po on ascent before reaching the shallow conduit, i.e. had no initial 210 Po, the 554 time to rebuild the observed Po by decay from the parent nuclide would be ~53-74 days 555 before eruption. If these samples had initial ( 210 Po/ 210 Pb) ratios of 0.26-0.31 (Table 2) , Po 556 ingrowth calculations would suggest that the plug cooled to below the blocking temperature 557 for degassing Po between 29-56 days before it erupted. Therefore, initial intrusion of magma 558 is estimated to have taken place several weeks to several months prior to the onset of the 559 main eruption period. This time frame largely corresponds to a marked increase in all 560 monitored parameters: ground inflation, earthquake counts and seismic energy release from 561 20 September 2010, and a significant increase in temperature, CO 2 /SO 2 and H 2 S/SO 2 ratios, 562 in summit fumaroles from the end of September, which suggested a shift to a deep degassing 563 source, attributed to the influx of new magma (Surono et al., 2012) . In contrast to the LGD-564 efficiently degas and partition Po into the exsolving gas as it ascended to the surface. Le 570 at Merapi are strongly depleted in the most volatile isotopes and gas species. The white 572 pumice from the post-climatic phase of the eruption (M11-18, Stage 6) was 83% degassed of 573 210 Po on eruption; less degassed relative to the DD samples from Stage 4. The samples were 574 leached prior to analysis and therefore, it is unlikely that this is due to Po condensing on 575 vesicle walls prior to or during eruption. Instead, it may reflect less efficient degassing by this 576 stage of the eruption related to fast magmatic ascent. This is in agreement with microlite 577 textures in the white pumice that indicate despite some stalling in the conduit at 1.4-2.4 km 578 depth, the magma experienced fast final ascent during this stage (Preece et al., 2016 short enough to be undetectable using 210 Pb- 226 Ra disequilibria (~less than two years) prior to 586 eruption. In contrast, excess 210 Pb is observed in tephra from the cataclysmic eruption of 587 Mount Pinatubo in 1991 that did not significantly vent gases at the surface prior to eruption, 588 and is attributed to 210 Pb accumulation in recharging magma at the base of the dacitic 589
Pinatubo reservoir and subsequent mixing (Kayzar et al., 2009 ). At Merapi, the 210 Pb deficits 590 are consistent with the observed evidence for continuous degassing at fumarole fields and 591 through cracks within the dome at Merapi (Le Cloarec and Gauthier, 2003) . However, Ra 592 enrichment (relative to 210 Pb) can lead to 210 Pb deficits if late-stage fluids derived from 593 carbonate skarnification are added to magmas within decades of eruption. 210 Pb- 226 Ra 594 disequilibria may also be affected by the interaction of magma with sulphide melt and brine, 595 which has been suggested for Merapi (e.g., Le Cloarec and Gauthier, 2003; Nadeau et al., 596 2013; Preece et al., 2014). However, it would be expected that the transfer of sulphide melt or 597 chloride brine from the recharge mafic magma to the shallower magmatic system should 598 largely produce 210 Pb excesses, which are not observed in the rocks. 599
What is clear from the new data is that there is a significant range in ( 210 Pb/ 226 Ra) 0 600 within a single eruption at Merapi, therefore, process interpretations based on one sample per 601 eruption/year may not yield sufficient information about the plumbing system and degassing 602 behaviour over decadal timescales (cf. Gauthier and Condomines, 1999 is located at a depth of ≥4.5-9 ± 3 km, which is recharged by a higher temperature magma 610 with a higher melt H 2 O content from below. Therefore, it is possible that the variability in 611 Despite differences in initial 210 Po between the scoria (S2S M11-28a) and light grey 634 inclusion (LGD-Inc M11-28b) samples erupted during the Stage 2 of the eruption on the 26 635 October, both samples appear to have significantly lower initial 210 Pb activities of around 2.3-636 2.5 dpm/g compared to the other 2010 samples (Fig. 3) . This suggests that magma involved 637 in the initial eruption had degassed for longer and either that the magma was sourced from a 638 greater depth and/or travelled more slowly to the surface compared with later stages of the disequilibria cannot be interpreted using a closed-system evolution timescale model. 698
At present, it is unclear whether Ra excesses are fully attributed to fluid addition from 699 the subducting slab or whether Ra is also added by fluids produced from skarn 700 formation over a timeframe of hundreds to several thousand years prior to eruption 701 (Fig. 6 (A) ). 702 2. The repeated measurement of ( 210 Po, relative to 210 Pb, at the time of eruption but were variably degassed (Fig. 6 (C) ). 706
In the 2010 samples, the degree of 210 Po degassing is directly related to sample texture 707 and eruption phase, with the greatest degree of degassing observed in the dense dark 708 dome-building samples erupted during the climatic phase of the eruption (97-100% of 709 210 Po degassed on eruption) and the lowest degree of degassing measured in the light 710 grey inclusions (69-74% of 210 Pb activity at the time of eruption, were calculated using a Matlab code (see text).
The initial 210 Pb activities for M11-28a and M11-28b are likely carry greater uncertainty than that shown as they are based on only 2 ( Rn, 2) that the influence of carbonate assimilation is similar for all samples and, 3) a system closed to magmatic recharge (Equation 11 of Gauthier and Condomines, 1999) . The percentage of 210 Po degassed on eruption is calculated using the degassing efficiency factor equation given in Gill et al., 1985. Table 3 
